. We considered that the lack of observed effect 1996; Tucker et al., 1996) . We tagged the GIRK4 and GIRK1 with the CFP and the YFP variants of the Green might be due to masking of a possible change in FRET in channels that are located in the plasma membrane Fluorescent Protein, respectively (Heim and Tsien, 1996; Tsien, 1998), at either their N-or their C-terminal ends (which respond to receptor activation by external ligand) by the much larger fluorescence from the majority of ( Figure 1A ). Two additional constructs were made where the CFP and the YFP were tagged to N-and C-terminal channels, which are located in intracellular organelles (and thus do not respond to ligand). We therefore used domains of the same subunits ( Figure 1A ). We first examined the functionality of these tagged channels. We exother methodologies to selectively monitor the FRET signal from the plasma membrane. pressed the tagged channel subunits in all possible combinations and tested their ability to gate following muscarinic type 2 receptor (m2R) activation in Xenopus Selective Detection of XFP-Tagged Channels Localized to the Plasma Membrane oocytes. All tagged channels were functional, displaying reversible m2R-mediated activation ( Figure 1B) , inward
To establish the selective monitoring of the fluorescence signal originating from the plasma membrane, we emrectification ( Figure 2E ), and potassium selectivity (not shown).
ployed TIRF microscopy to excite the tagged channels mostly localized to the plasma membrane. Cell-based Once we established the functionality of the tagged channels, we were interested in determining whether TIRF microscopy has been used extensively to measure various cellular process such as Ca 2ϩ oscillations and G␤␥ activation triggers a conformational rearrangement of the cytosolic domains that can be detected as ing results in an increase in CFP fluorescence, which vation. To verify this interpretation, we employed an can be used to calculate the efficiency of energy transfer alternative means to activate the channels. We coexbetween the CFP and the YFP. We were able to selecpressed the G␤1␥2 subunits of the G protein with 4N-Cy/ tively photobleach YFP, with no effect on CFP ( Figure  1C -Yl channels, a condition known to constitutively acti-3A). Following this selective YFP photo-destruction provate GIRK channels (Reuveny et al., 1994). Similar to cedure, the CFP emission at 490 nm was increased, what was seen with A1R stimulation, cells with tagged indicating dequenching ( Figure 3B ). This increase was channels and constitutive G␤1␥2 activation had a lower used to calculate FRET efficiency ( Figure 3B , inset). We F ratio of 0.28 Ϯ 0.01 (n ϭ 20) compared to cells transperformed donor dequenching following acceptor phofected only with the tagged channels ( Figure 2D ). These tobleaching to all channel combinations described in results support the idea that the spectroscopic changes Figure 1 . Figure 3C shows that whenever one of the seen under A1R stimulation reflect conformational redonor fluorescent proteins was attached to GIRK4 and arrangements associated with channel activation. the acceptor protein to GIRK1, a significant difference in FRET efficiency was observed between unstimulated channels and channels stimulated by adenosine acting Quantifying Differences in FRET Efficiency on A1R receptors. In contrast, when the CFP and YFP Associated with Activation were attached to the same subunit, of either GIRK1 or In order to better quantify the changes in FRET during activation, we monitored donor dequenching following GIRK4, no measurable difference was observed in FRET indicating that although it is attached to the channel, the donor-acceptor pair is able to assume many orientations, and that constraints on dipole orientation are unlikely to substantially affect the FRET efficiency value or account for the differences seen with channel activation. We therefore suggest that the differences in FRET efficiency seen with channel activation reflect changes in distance between the CFP and YFP fluorophores. Additional attention has to be given once dealing with a tetrameric fold; it is important to consider that there are two donors and two acceptors in each molecule. If the donor-acceptor pairs are arranged in a 4-fold symmetry, the distance between each donor to both acceptors is identical, Ra ϭ Rb ( Figure 6A ). Therefore, , and second, due to the longer C termini relative to the N termini, its proximal ends extend further from From the FRET efficiency measurements presented above, we obtained estimates of the distances between the cytosolic side of the membrane. With these two assumptions, for each state, only one model of the chanthe cytosolic domains of the channel in its resting and activated states. The deduced distance differences benel's cytosolic ends could be constructed (see Experimental Procedures; Figure 7A ). tween stimulated and unstimulated channels (Table 1) indicate that stimulation (1) decreases the distance beBy comparing the three-dimensional model of the channels in its closed and activated states ( Figure 7A tween C and N termini of adjacent subunits (from ‫46ف‬ to ‫85ف‬ Å for 4N to C1 and ‫95ف‬ to 56 Å for C4 to N1, (2) versus 7B), distance changes can be accounted for by an activation rearrangement consisting of a clockwise increases the distance between adjacent N termini (from ‫46ف‬ to ‫17ف‬ Å ), and (3) increases the distance between rotation of ‫01ف‬Њ (as viewed from the extracellular side of the channel) in the C termini relative to the N termini, adjacent C-terminal domains (from ‫36ف‬ to ‫66ف‬ Å ). These calculated distances were obtained assuming random resulting in a decrease in distance between C1 and N4 termini of adjacent subunits (of ‫5ف‬ Å ). This rotation was orientation of the fluorophores (orientation factor 2 ϭ 2/3). Distance estimations can also be presented as accompanied by a radial expansion, resulting in an increase in distance between adjacent N termini (N1 to error bounds of the minimal and maximal distances, reflected by the error in estimating 2 (Dale et al., 1979). N4) and adjacent C termini (C1 to C4) domains. In both GIRK1 and GIRK4, the N-and C-terminal cytosolic doWe thus measured the anisotropy values of donor or acceptor alone of the various tagged channels and calmains of the same subunit remain equidistant with respect to each other (at about ‫55ف‬ Å for GIRK1 and culated the minimal and maximal values of 2 (Cha et al., 1999; Glauner et al., 1999). These values were then ‫45ف‬ Å for GIRK4), suggesting a relatively rigid movement of these two domains during activation. converted to distances and are presented as distance constraints in Table 1 .
From these measurements it is
The three-dimensional organization of the cytosolic domains of the channel, proposed in this model, is solely apparent that the distance changes calculated under our experimental conditions, specifically the change in based on the location of the fluorophores tagged to the The three-dimensional vector coordinates of the tagged fluorophores were computed using the Euclidean distances between the chromophores (calculated from the FRET efficiency) and an in-TIRF Microscopy house computer program (MatLab 6.1 release 12.1), with conver-HEK293 cells were transiently transfected using Fugene (Roche) gence within a 1% error in distance. The model assumes (1) a 4-fold with cDNAs encoding for GIRK4-tagged (0.2 g), GIRK1-tagged (1 symmetry for channel assembly, and (2) the distance of the C-terg), A1R (1 g), G␤1 (1 g), and G␥2 (1 g). The 1:5 cDNA ratio of minal end from the membrane is greater than the distance of the GIRK4:GIRK1 tagged channels was used to minimize the formation N-terminal end. of functional GIRK4 homotetramers. Following transfection, cells were plated on no-1 coverglass coated with L-polylysine in the Anisotropy Measurements presence of serum-free media (1:1 DMEM:F12). On the day of the For acceptor anisotropy measurements, the collimated emission experiments, typically 24 hr later, the cover glass was mounted on signal was split to its parallel and perpendicular components using an imaging chamber and washed two times with phosphate buffer. a polarizing cube beamsplitter (Melles Griot), aligned with better Fluorescence measurements of single cells were performed using than 97% accuracy as assayed by reflection from a glass cover through-the-objective total internal reflection (TIRF) microscopy slip. The parallel and the perpendicular components were recorded technique (Axelrod, 1989) using 60ϫ 1.45 N.A. objective (Olympus, simultaneously using a H7711-03 photomultiplier tube (Hamamatsu Japan), TIRF microscopy condenser (TILL Photonics, Grafelfing, Photonics) at each end. The photomultiplier signal was digitized at Germany), and argon laser (Melles Griot, Carlsbad, CA). CFP was 5 kHz and filtered at 1 kHz (Digidata, Axon Instruments). All the excited with the 454 nm laser line using 465DCLP dichroic and points taken during a 120 ms exposure were averaged to obtain the E470LP emission filters for spectroscopic measurements, 465DCLP intensity of the appropriate emission components. Background was dichroic and HQ485/30M emission filters for selective CFP fluorescollected from an area that contained cells which did not express cence, and 520DCLP dichroic and HQ535/30M emission filters for the construct, and the appropriate signal was then subtracted from YFP emission (all from Chroma Technology Corp., Brattleboro, VT). the main signal. The background-subtracted signals were used to The fluorescence emission signal was passed through 1.5ϫ magnificalculate the anisotropy, r, according to r ϭ I || Ϫ I ⊥ /I || ϩ 2I ⊥ , were cation tube lens to have an effective magnification of 90ϫ. A1R the I ⊥ and I || stand for the perpendicular and the parallel emitted activation was achieved by exposing the cover glass to 2 mM adenolight with respect to the polarized excitation light, respectively. sine for at least 1 hr. The long exposures to high concentration of All data are expressed as average Ϯ standard error of the mean adenosine were necessary to allow full activation of the A1R recep-(SEM). Significant differences were considered when p Ͻ 0.05 using tors situated in close proximity to the cover glass. analysis of variance followed by Dunnett's test. 
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